Abstract: General guidelines are proposed to select the optimal subcritical organic Rankine cycle configuration considering reinjection temperature limits for a low-temperature geothermal brine power plant. Saturated/superheated, non-regenerative/regenerative cycles are investigated. Evaporating temperature and overheating degree at the turbine inlet are selected as design variables, and highest plant exergy efficiency is pursued for current optimizations. Through theoretical analysis of mathematical modelling and typical case studies, a simple optimization approach is presented. The new approach consists of up to three judgements on reinjection temperature and evaporating temperature in comparison two optimization calculations along the saturated line and along the given reinjection temperature line. The potential optimal cycle configurations are saturated non-regenerative cycle, saturated regenerative cycle and superheated regenerative cycle. Then, this new optimization approach is applied to obtain optimal cycle configuration and relevant working condition. The working fluids investigated are R245fa, R1234ze(Z), isopentane, and isobutane. The saturated non-regenerative cycle is the optimal cycle when the reinjection temperature limit is equal or less than the optimal reinjection temperature with no reinjection constraint. Otherwise, the reinjection temperature limit influences not only the optimal cycle configuration but also the optimal working condition. Working fluid isobutane always achieves highest plant exergy efficiency for optimal cycles with either reinjection temperature limit.
Introduction
Low temperature geothermal brine in range of 90-150 • C shows a large potential for electrical power generation [1] . Organic Rankine Cycle (ORC) systems have been developed over the past several decades as a first choice for their simple construction, high thermodynamic performance and easy maintenance [2] , but the efficiency of ORC systems is relatively low because of the low temperature of geothermal brine, and as a consequence, the cycle configuration must be selected and designed carefully to obtain optimum thermodynamic performances.
Many cycle configurations [3] [4] [5] [6] have been proposed and investigated, including single/dual pressure, saturated/superheated, non-regenerative/regenerative and subcritical/supercritical cycles, et al. As a common practice in geothermal brine power plants, the ORC system is designed as a single pressure subcritical cycle with a regenerator [7, 8] . The regenerator used here is to recover the exhaust heat energy and thus to increase the cycle efficiency, but the regenerator can also decrease the utilization of the heat source, and the net power output or the plant thermal efficiency may not be improved [9, 10] . Yamamoto et al. [11] carried out both numerical simulations and experimental tests on the saturated/superheated subcritical ORC systems and concluded that saturated vapor for organic fluid at the turbine inlet gives a higher turbine power output than overheating vapor. Several subsequent studies [12, 13] also suggested that the saturated cycle is the optimal solution from the view of thermodynamic performance. Chagnon-Lessard et al. [14] founded that saturated vapor at the turbine inlet for dry working fluid gives maximized specific power output, but overheating vapor for wet working fluid. It is noticed that the previous research conclusions in [9] [10] [11] [12] [13] [14] are all drawn with the assumption that there is no constraint of heat source outlet temperature.
In fact, the brine reinjection temperature is always constrained with a minimum allowable value to limit the deposit of silica compounds and consequent fouling of the heat exchangers. There are few research works [15] [16] [17] with consideration of the effect of the reinjection temperature limit. Because the reinjection temperature limit with value of 75 • C is higher than the reinjection temperature in the case without constraint, Walraven et al. [15] concluded that the geothermal brine must be cooled to 75 • C and the regenerative cycle is superior to the non-regenerative cycle. In spite of different definition for plant exergy efficiency and reinjection temperature limit, Astolfi et al. [16] drew a similar conclusion with the reinjection temperature limit of 70 • C. Clark et al. [17] investigated the influence of two reinjection temperature limits of 70 • C and 90 • C. They concluded that reinjection temperature limit can significantly reduce the maximum achievable specific power output, and there are no over-arching design guidance for the optimal ORC configuration of geothermal brine power plants. Chen et al. [18] also obtained maximum heat power input to the ORC system by setting constant minimum allowable heat source outlet temperature for waste heat recovery. As a matter of fact, the geothermal brine heat source is classified as a typical open type heat source by the definition in [19] , which is featured with minimum allowable reinjection temperature. But the treatment of reinjection temperature in [15] means a great reduction of available working points, which may not achieve the global maximum thermodynamic performance for a specific ORC system. Borsukiewicz-Gozdur [19] compared the plant exergy efficiencies between the saturated non-regenerative and regenerative cycles with a much lower reinjection temperature of 40 • C, and concluded that the net power output is not increased by application of regenerator. This conclusion is contrary to that with reinjection temperature limits of 75 • C in [15] and 70 • C in [16] . Hence, the optimal cycle configuration strongly depends on the value of reinjection temperature limit.
Based on the survey work [20] on 26 geothermal brine power plants around the world, the reinjection temperature limit varies from 50 • C to 100 • C in practice. Despite several pioneering works [15] [16] [17] have been carried out, the influence of the reinjection temperature limit is still needed to be fully investigated. The aim of the present study is to: (1) investigate the effect of reinjection temperature limit covering a wider temperature range, (2) find an optimal subcritical cycle configuration and obtain the maximum plant exergy efficiency for a geothermal brine heat source at 150 • C using R245fa, R1234ze(Z), isopentane and isobutane as working fluids.
ORC System Modelling and Theoretical Analysis
Single pressure level subcritical organic Rankine cycles in saturated/superheated, non-regenerative/regenerative configurations are investigated in the present study. Figure 1 shows the schematic layout of a regenerative ORC system, which consists of a turbine, two pumps (feed pump, and circulating pump), an evaporator, a condenser, and a regenerator. The regenerator is used mainly to recover the heat energy from the exhaust vapor at the turbine outlet. For a non-regenerative cycle, there is no regenerator in the system. Figure 2 depicts the T-s diagrams of the superheated non-regenerative/regenerative cycles. There are mainly four thermodynamic processes for the non-regenerative cycle, i.e., the process 1-2 (expansion in the turbine), the process 2-3-4 (an exothermic process, the heat in the working fluid is absorbed by the cold fluid at a constant lower pressure in the condenser), the process 4-5 (pumping in the feed pump), and the process 5-6-7-1 (an endothermic process, the working fluid absorbs heat form hot fluid at a constant higher pressure). Besides, the process 8-6h-9 (relevant to the process 5-6-7-1) depicts the decreasing change trend of the hot fluid temperature, and the process 10-3c-11 (relevant to the process 2-3-4) describes the increasing profile of the cold fluid temperature. Three pinch point temperature differences in the evaporator ΔTpp,e, in the condenser ΔTpp,c, in the regenerator ΔTpp,c and the overheating degree at the turbine inlet ΔT1,oh are also shown in Figure 2 . Note that, the pinch point in the evaporation is assumed to be located at the beginning of the isothermal evaporation section, i.e., state 6, which is commonly adopted in many previous studies [9] [10] [11] . Another possible location at the beginning of the preheating section in the evaporator, which shows a temperature difference higher than about 40 °C between the heat source temperature and the critical temperature of the working fluid, is not suitable in present study based on the suggestion by Vivian et al. [21] . There are mainly four thermodynamic processes for the non-regenerative cycle, i.e., the process 1-2 (expansion in the turbine), the process 2-3-4 (an exothermic process, the heat in the working fluid is absorbed by the cold fluid at a constant lower pressure in the condenser), the process 4-5 (pumping in the feed pump), and the process 5-6-7-1 (an endothermic process, the working fluid absorbs heat form hot fluid at a constant higher pressure). Besides, the process 8-6h-9 (relevant to the process 5-6-7-1) depicts the decreasing change trend of the hot fluid temperature, and the process 10-3c-11 (relevant to the process 2-3-4) describes the increasing profile of the cold fluid temperature. Three pinch point temperature differences in the evaporator ∆T pp,e , in the condenser ∆T pp,c , in the regenerator ∆T pp,c and the overheating degree at the turbine inlet ∆T 1,oh are also shown in Figure 2 . Note that, the pinch point in the evaporation is assumed to be located at the beginning of the isothermal evaporation section, i.e., state 6, which is commonly adopted in many previous studies [9] [10] [11] . Another possible location at the beginning of the preheating section in the evaporator, which shows a temperature difference higher than about 40 • C between the heat source temperature and the critical temperature of the working fluid, is not suitable in present study based on the suggestion by Vivian et al. [21] . Figure 2 depicts the T-s diagrams of the superheated non-regenerative/regenerative cycles. There are mainly four thermodynamic processes for the non-regenerative cycle, i.e., the process 1-2 (expansion in the turbine), the process 2-3-4 (an exothermic process, the heat in the working fluid is absorbed by the cold fluid at a constant lower pressure in the condenser), the process 4-5 (pumping in the feed pump), and the process 5-6-7-1 (an endothermic process, the working fluid absorbs heat form hot fluid at a constant higher pressure). Besides, the process 8-6h-9 (relevant to the process 5-6-7-1) depicts the decreasing change trend of the hot fluid temperature, and the process 10-3c-11 (relevant to the process 2-3-4) describes the increasing profile of the cold fluid temperature. Three pinch point temperature differences in the evaporator ΔTpp,e, in the condenser ΔTpp,c, in the regenerator ΔTpp,c and the overheating degree at the turbine inlet ΔT1,oh are also shown in Figure 2 . Note that, the pinch point in the evaporation is assumed to be located at the beginning of the isothermal evaporation section, i.e., state 6, which is commonly adopted in many previous studies [9] [10] [11] . Another possible location at the beginning of the preheating section in the evaporator, which shows a temperature difference higher than about 40 °C between the heat source temperature and the critical temperature of the working fluid, is not suitable in present study based on the suggestion by Vivian et al. [21] . For the regenerative cycle, state points 5 and 2 at the evaporator inlet and at the condenser inlet change to 5a and 2a, respectively. Accordingly, the state points 9 and 11 at brine reinjection and the cooling fluid outlet both have higher temperatures than these for non-regenerative cycle due to the regenerator. State points 1 and 7 simply merge to one for the saturated cycle.
In order to simplify the mathematical modeling, two assumptions are made as following, (i) the cycle is always operated under steady states, (ii) pressure drops in the evaporator, the condenser, the regenerator and the connecting pipelines are all omitted. Based on the mass conservation and energy conservation of the ORC model, the mass flow rates of the working fluid and the cold fluid can be calculated as follows:
The electrical power output by the turbine W t , and the electrical power consumption by the feed pump W p and the circulating pump W pc are defined as follows:
H is the pumping head of the circulating pump with the value of 20 m in the present study. Then, the net electrical power output of the ORC system is conserved as:
Finally, the plant exergy efficiency η, which is used to evaluate the overall utilization degree of the heat source, is defined by:
In the present study, the reference exergy is the maximum available exergy from the heat source when the temperature and the pressure of the geothermal brine decreases to ambient temperature and pressure. The ambient temperature T 0 = 20 • C and ambient pressure p 0 = 101.3 kPa are taken as the reference values.
Substituting Equations (1)- (6) into Equation (7), the following expression is derived:
It can be clearly shown in Equation (8) that the plant exergy efficiency increases with the decreasing of the pinch point temperature differences in the evaporator and the condenser, the increasing of turbine efficiency, the feed pump efficiency and the circulating pump efficiency. Turbine efficiency is an important parameter for the ORC system. If the turbine efficiency is treated as a constant value, the only difference between the superheated cycle and the saturated cycle is the higher specific enthalpy at the turbine inlet resulted by the overheating vapor. Although a definitive relationship between the plant exergy efficiency and turbine inlet overheating degree can not be drawn from rigid mathematical analysis, previous studies [11] [12] [13] show that the saturated cycle exhibits a higher plant exergy efficiency than the superheated cycle under the same working condition. In present study, the turbine efficiency is treated as a variable, which depends on the specific turbine inlet and outlet conditions. Thus, the effect of turbine inlet overheating degree on the plant exergy efficiency will be studied in Section 4. Besides, the relationship between the plant exergy efficiency and the evaporating temperature is not obvious only based on Equation (8) , which will be also investigated under the typical working conditions in Section 4.
It is needed to note that Equations (1)- (7) do not depend on the presence of regenerator. The main difference between the non-regenerative and regenerative cycles is the reinjection temperature as shown in Figure 2 . The reinjection temperatures for the non-regenerative and the regenerative cycles are calculated as, respectively:
Based on Equations (9) and (10), the reinjection temperature decreases with the increasing of evaporating temperature T ev and the increasing of overheating degree ∆T 1,oh at the turbine inlet for both non-regenerative and regenerative cycles.
If the reinjection temperature is unlimited, the highest value of maximum plant exergy efficiency occurs for the saturated cycle only, and there is no difference between the non-regenerative and regenerative cycle in terms of the maximum plant exergy efficiency. Taking the additional heat transfer area of the regenerator and the ORC system complexity into consideration, the saturated non-regenerative cycle is a preferred option. But when the reinjection temperature limit is concerned, which cycle configuration is the best selection in terms of the plant exergy efficiency? When the relevant optimal reinjection temperature T 9,opt (for saturated non-regenerative cycle without reinjection temperature limit) is equal to or higher than the specified reinjection temperature limit T 9,lim , there are no changes for the optimal working condition and the optimal cycle configuration. Recall that the reinjection temperature decreases with the increasing of evaporating temperature, if the reinjection temperature T 9,opt is lower than T 9,lim , a definite conclusion can not be drawn based on theoretical analysis only. This question will be solved in the following section for a typical ORC system.
ORC System Conditions and Constraints
A low-temperature geothermal brine power plant with the typical parameters is selected in the present study to investigate the effect of reinjection temperature limit. The heat source has a temperature of 150 • C, a pressure of 1500 kPa, and a mass flow rate of 10 kg/s. The heat sink is the cooling water with a temperature of 20 • C. The pinch point temperature differences in the evaporator, the condenser, and the regenerator are selected as 10 • C, 5 • C and 5 • C, respectively.
Turbine efficiency has a great influence on the optimal working condition and the thermodynamic performance. Several studies [22] [23] [24] have pointed out that the turbine efficiency with a constant value may mislead when determining the optimal working conditions for a specific ORC system. Hence, the turbine efficiency should be not arbitrarily fixed to a constant value but rather vary according to the operating conditions at the turbine inlet and outlet. A single stage radial turbine is used here for its compactness and high efficiency with a few 10 kW-100 kW. The turbine efficiency used here is a function of the volumetric expansion ratio VR and the size parameter SP at relevant optimal specific speed, which was proposed in [25] . The definitions of the volumetric expansion ratio VR and the size parameter SP are given by the following equations:
The parameter VR is preferred to the pressure ratio considering the compressibility of working fluid. The parameter SP accounts for both volumetric flow rate at turbine outlet and isentropic specific enthaply drop across the turbine, which is also proportional to the actual turbine dimension [22] . Obviously, the volumetric expansion ratio VR and the size parameter SP can be calculated only by the thermal properties at working states 1 and 2 s. Hence, the turbine efficiency in the present study is calculated based on the turbine efficiency map from the work of Perdichizzi and Lozza [25] for a single stage radial inflow turbine, which is shown in Figure 3 . The turbine efficiency varies from 0.78 to 0.89 in the valid region (SP = 0.008-0.20 m, VR = 1-10). It is noticing that turbine efficiency is lower with a small SP and large VR value, and higher with a large SP and small VR value.
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The parameter VR is preferred to the pressure ratio considering the compressibility of working fluid. The parameter SP accounts for both volumetric flow rate at turbine outlet and isentropic specific enthaply drop across the turbine, which is also proportional to the actual turbine dimension [22] . Obviously, the volumetric expansion ratio VR and the size parameter SP can be calculated only by the thermal properties at working states 1 and 2 s. Hence, the turbine efficiency in the present study is calculated based on the turbine efficiency map from the work of Perdichizzi and Lozza [25] for a single stage radial inflow turbine, which is shown in Figure 3 The feed pump efficiency and the circulating pump efficiency are 0.75 and 0.70, respectively. Besides, the generator efficiency and the transmission efficiency between turbine and generator are both 0.95. The motor efficiency for feed pump is calculated by the following equation [26] : The motor efficiency for the circulating pump is also calculated based on the Equation (13) . The condensing temperature is set to be a typical value of 30 °C. The minimum reinjection temperatures are limited to be 70 °C, 75 °C and 85 °C respectively to cover a wider temperature range. In addition to the constraint of reinjection temperature limit, the dryness fraction of vapor must be larger than 0.95 in the expansion process 1-2 to minimize the wet vapor loss.
The ORC system conditions including heat source, sink, fixed values, and the constraints are summarized in Table 1 . The feed pump efficiency and the circulating pump efficiency are 0.75 and 0.70, respectively. Besides, the generator efficiency and the transmission efficiency between turbine and generator are both 0.95. The motor efficiency for feed pump is calculated by the following equation [26] : η p,motor = 0.75 + 0.115 log 10 W p /1000 − 0.015 log 10 W p /1000 2 (13) The motor efficiency for the circulating pump is also calculated based on the Equation (13) . The condensing temperature is set to be a typical value of 30 • C. The minimum reinjection temperatures are limited to be 70 • C, 75 • C and 85 • C respectively to cover a wider temperature range. In addition to the constraint of reinjection temperature limit, the dryness fraction of vapor must be larger than 0.95 in the expansion process 1-2 to minimize the wet vapor loss.
The ORC system conditions including heat source, sink, fixed values, and the constraints are summarized in Table 1 . Based on the previous experience of the low-temperature geothermal ORC power plants, four candidate working fluids R245fa and its substitution R1234ze(Z), isopentane, and isobutane are investigated. The main thermal properties of the selected working fluids are listed in Table 2 . All the thermodynamic properties of the candidate working fluids are acquired from NIST REFPROP database. It is noticing that the condensing pressures are all higher than ambient pressure, which can avoid the utilization of vacuum facilities to keep vacuum circumstances in the condenser and the later expansion process. Moreover, the lower condensing pressure will result in higher volumetric expansion ratio in the turbine, thus reduce the turbine efficiency and the plant exergy efficiency. Hydrofluorocarbons working fluids R245fa and R1234ze(Z) show similar critical temperatures, critical pressures, condensing pressures and latent enthalpies at the evaporating temperature of 90 • C, but quite different 100 years global warming potentials (GWP). Working fluid R1234ze(Z), alkanes working fluids isopentane and isobutane have much lower GWPs compared with R245fa. Isopentane and isobutane have much higher latent enthaplies than the working fluids R245fa and R1234ze(Z). Besides, the flammability levels of isopentane and isobutane are higher than R245fa and R1234ze(Z). The upper limit and lower limit of evaporating temperature and overheating degree at the turbine inlet are listed as follows:
The minimum evaporating temperature is the relevant saturated temperature at the pressure higher than the condensing pressure by 10 kPa. Due to the constraint of evaporator pinch point temperature difference, turbine inlet temperature must be less than or equal to T 8 − ∆T pp,e (the temperature difference between geothermal brine temperature and evaporator pinch point temperature difference). Meanwhile, evaporating temperature must be less 3 • C than the critical temperature of working fluid to keep stable thermal properties based on the suggestion in [24] . Hence, the maximum evaporating temperature is restricted as an unified value, i.e., the lower value between T crit − 3 • C and T 8 − ∆T pp,e . The overheating degree is equal to be zero for the saturated cycle, and the maximum overheating degree is the lower value between 30 • C and T 8 − ∆T pp,e − T ev (the temperature difference between maximum turbine inlet temperature and evaporating temperature).
Results and Discussions
A typical superheated non-regenerative ORC system using R236fa and R245ca in [27] is selected to validate the previous mentioned mathematical modelling in Section 2. The thermodynamic properties of working fluids R236fa and R245ca are also obtained from NIST REFPROP database. The mass flow rate, net power output and part of working states are calculated and compared, and shown in Table 3 . The relative error of net power output is respectively 1.04% lower than the reference results for R236fa and 0.85% lower for R245ca. Therefore, the present calculated results show very good agreement. In the following Sections 4.1 and 4.2, the geothermal brine with a mass flow rate of 10 kg/s and a temperature of 150 • C is used to illustrate the effect of reinjection temperature limit. The influences of geothermal brine mass flow rate and temperature are given in Section 4.3.
Without Reinjection Temperature Limit
Take working fluid R245fa for example, comparison between the saturated and superheated non-regenerative cycles are performed and illustrated. The turbine inlet overheating degree varies from 0 • C to 30 • C. Figure 4 shows the turbine efficiency variation with different turbine inlet overheating degree at three evaporating temperature T ev = 70 • C, 90 • C and 110 • C. With the increasing of turbine inlet overheating degree, VR and SP both decreases, but turbine efficiency η t slightly increases at each fixed evaporating temperature. For example, at T ev = 90 • C, superheated vapor with ∆T 1,oh = 30 • C yields a turbine efficiency with the value of 87.21%, and saturated vapor gives a turbine efficiency with the value of 87.17%. The improvement of turbine efficiency due to the change of turbine inlet and outlet conditions is only 0.05%. Comparatively, the variation of turbine efficiency is sensitive to the the evaporating temperature with a difference of about 2.5% at evaporating temperature of 70 • C to 110 • C.
The change of plant exergy efficiency η versus turbine inlet overheating degree ∆T 1,oh at three evaporating temperatures T ev = 70 • C, 90 • C and 110 • C are shown in Figure 5 . It can be clearly seen that the plant exergy efficiency decreases with the increasing of overheating degree at the turbine inlet, and the saturated vapor gives the maximum plant exergy efficiency at each evporating temperature. This conclusion is consistent with the previous findings [11] [12] [13] for ORC systems with a fixed turbine efficiency. Recall the variation of turbine efficiency is very small, and thus has limited impact on superiority of the saturated cycle. Thus, if there is no constraint on the reinjection temperature, the optimal cycle configuration is the saturated non-regenerative cycle. Besides, the saturated vapor at different evaporating temperature yield different plant exergy efficiency, as shown in Figure 5 . The variations of plant exergy efficiency η and the reinjection temperature T9 versus evaporating temperature Tev for saturated non-regenerative cycle using R245fa and isobutane are shown in Figure  6 . It is obvious that the shapes of the plant exergy efficiency curve are both somewhat parabolic with local maximum values. By using isobutane, the evaporating temperature higher than 127.2 °C doesn't work due to the limitation of minimum dryness fraction in expansion process. The maximum plant exergy efficiency is 32.70% at evaporating temperature of 91.40 °C for R245fa, and 33.71% at evaporating temperature of 94.07 °C for isobutane. Besides, the reinjection temperature increases with the increasing of evaporating temperature for both working fluid, which is accordance with the conclusion based on the theoretical analysis in Section 2. The optimal reinjection temperatures at optimal working condition are respectively 71.56 °C for R245fa, and 68.34 °C for isobutane. Table 4 listed the optimal working conditions and part of main system performances for all four working fluids without reinjection temperature limit. It can be seen that the evaporating temperatures for all working fluids are around 90 °C, and reinjection temperatures vary mildly from 68.39 °C for isobutane to 74.02 °C for R1234ze(Z). The mass flow rates for R245fa and R1234ze(Z) are quite larger than these for isopentane and isobutane due to their lower latent enthalpies, which are shown in Table 2 . This can be also explained base on Equation (1) . The values of turbine efficiency are around 87% with maximum variation of 0.36% only. As shown in Figure 7 , the optimal working conditions for the single stage radial inflow turbine are all plotted in the turbine efficiency map. The The variations of plant exergy efficiency η and the reinjection temperature T9 versus evaporating temperature Tev for saturated non-regenerative cycle using R245fa and isobutane are shown in Figure  6 . It is obvious that the shapes of the plant exergy efficiency curve are both somewhat parabolic with local maximum values. By using isobutane, the evaporating temperature higher than 127.2 °C doesn't work due to the limitation of minimum dryness fraction in expansion process. The maximum plant exergy efficiency is 32.70% at evaporating temperature of 91.40 °C for R245fa, and 33.71% at evaporating temperature of 94.07 °C for isobutane. Besides, the reinjection temperature increases with the increasing of evaporating temperature for both working fluid, which is accordance with the conclusion based on the theoretical analysis in Section 2. The optimal reinjection temperatures at optimal working condition are respectively 71.56 °C for R245fa, and 68.34 °C for isobutane. Table 4 listed the optimal working conditions and part of main system performances for all four working fluids without reinjection temperature limit. It can be seen that the evaporating temperatures for all working fluids are around 90 °C, and reinjection temperatures vary mildly from 68.39 °C for isobutane to 74.02 °C for R1234ze(Z). The mass flow rates for R245fa and R1234ze(Z) are quite larger than these for isopentane and isobutane due to their lower latent enthalpies, which are shown in Table 2 . This can be also explained base on Equation (1) . The values of turbine efficiency are around 87% with maximum variation of 0.36% only. As shown in Figure 7 , the optimal working conditions for the single stage radial inflow turbine are all plotted in the turbine efficiency map. The The variations of plant exergy efficiency η and the reinjection temperature T 9 versus evaporating temperature T ev for saturated non-regenerative cycle using R245fa and isobutane are shown in Figure 6 . It is obvious that the shapes of the plant exergy efficiency curve are both somewhat parabolic with local maximum values. By using isobutane, the evaporating temperature higher than 127.2 • C doesn't work due to the limitation of minimum dryness fraction in expansion process. The maximum plant exergy efficiency is 32.70% at evaporating temperature of 91.40 • C for R245fa, and 33.71% at evaporating temperature of 94.07 • C for isobutane. Besides, the reinjection temperature increases with the increasing of evaporating temperature for both working fluid, which is accordance with the conclusion based on the theoretical analysis in Section 2. The optimal reinjection temperatures at optimal working condition are respectively 71.56 • C for R245fa, and 68.34 • C for isobutane. Table 4 listed the optimal working conditions and part of main system performances for all four working fluids without reinjection temperature limit. It can be seen that the evaporating temperatures for all working fluids are around 90 • C, and reinjection temperatures vary mildly from 68.39 • C for isobutane to 74.02 • C for R1234ze(Z). The mass flow rates for R245fa and R1234ze(Z) are quite larger than these for isopentane and isobutane due to their lower latent enthalpies, which are shown in Table 2 . This can be also explained base on Equation (1) . The values of turbine efficiency are around 87% with maximum variation of 0.36% only. As shown in Figure 7 , the optimal working conditions for the single stage radial inflow turbine are all plotted in the turbine efficiency map. The highest optimal turbine efficiency is achieved for R1234ze(Z) which shows the highest size parameter and a moderate volumetric expansion ratio. The plant exergy efficiencies vary from 31.89% for isopentane to 33.71% for isobutane. The saturated non-regenerative cycles using R245fa and R1234ze(Z) show moderate plant exergy efficiencies. highest optimal turbine efficiency is achieved for R1234ze(Z) which shows the highest size parameter and a moderate volumetric expansion ratio. The plant exergy efficiencies vary from 31.89% for isopentane to 33.71% for isobutane. The saturated non-regenerative cycles using R245fa and R1234ze(Z) show moderate plant exergy efficiencies. highest optimal turbine efficiency is achieved for R1234ze(Z) which shows the highest size parameter and a moderate volumetric expansion ratio. The plant exergy efficiencies vary from 31.89% for isopentane to 33.71% for isobutane. The saturated non-regenerative cycles using R245fa and R1234ze(Z) show moderate plant exergy efficiencies. 
Considering Reinjection Temperature Limit
When the reinjection temperature limit is imposed, the plant exergy efficiency versus evaporating temperature map is limited by an isoline of reinjection temperature limit. Hence, the performance line with constant reinjection temperature limit should be obtained in advance. Figures 8 and 9 show the curves of plant exergy efficiency η versus evaporating temperature T ev along the three reinjection temperature limit isolines (T 9,lim = 70 • C, 75 • C, 85 • C) using R245fa and isobutane for the non-regenerative and regenerative cycles. The plant exergy efficiency curve for the saturated cycle and for the superheated cycles with constant overheating degrees ∆T 1,oh = 10 • C, 20 • C and 30 • C are also plotted. Furthermore, the optimal working condition without reinjection temperature limit is shown for comparison. As shown in Figures 8 and 9 , the plant exergy efficiency curve with a constant reinjection temperature limit can be treated as a left margin, and the plant exergy efficiency curves with constant overheating degrees of 0 • C and 30 • C can be treated as the top and bottom borders. The difference between the non-regenerative and regenerative cycles is the left margins with different shape and location. The plant exergy efficiency curve for the regenerative cycle is shifted to the left side of that for non-regenerative cycle. Moreover, the plant exergy efficiency curve for the regenerative cycle covers a wide range of evaporating temperature, which means a wider available operating range. 
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For illustrative purposes, three points A, B and C are also plotted in Figures 8 and 9 . Point A is labeled at the optimal point without reinjection temperature limit, points B and C are the intersection point between saturated line and constant reinjection temperature line for non-regenerative cycle and regenerative cycle respectively. It is obvious that point C is always on the left side of point B due to the heat recovery by regenerator. When point B (T 9,lim = 70 • C for R245fa) is located on the left side of point A, i.e., the reinjection temperature at point B is lower than the optimal reinjection temperature, the optimal working condition stays at point A and the optimal cycle configuration is the saturated non-regenerative cycle. When point A is located between point C and point B (T 9,lim = 70 • C for isobutane), the optimal cycle configuration is the saturated regenerative cycle. The optimal working condition for this case has the same plant exergy efficiency and evaporating temperature as point A, but different reinjection temperature. When point B and point C are both located on the right side of point A (T 9,lim = 75 • C, 85 • C for R245fa, isobutane), the optimal working condition must lies on the reinjcetion temperature limit line. The optimal cycle configuration is, whether the saturated or superheated regenerative cycle, depends on the plant exergy efficiency curve with constant reinjcetion temperature limit. The profiles of plant exergy efficiency versus overheating degree on the isolines of T 9,lim = 75 • C, 85 • C are shown in Figure 10 . It can be seen that highest plant exergy efficiency is achieved at saturated state (point C) when T 9,lim = 75 • C for either working fluid. The highest exergy efficiencies are obtained respectively at superheated states (point D shown in Figure 10 ) with ∆T 1,oh = 4.65 • C for R245fa and with ∆T 1,oh = 9.24 • C for isobutane when T 9,lim = 85 • C. For illustrative purposes, three points A, B and C are also plotted in Figures 8 and 9 . Point A is labeled at the optimal point without reinjection temperature limit, points B and C are the intersection point between saturated line and constant reinjection temperature line for non-regenerative cycle and regenerative cycle respectively. It is obvious that point C is always on the left side of point B due to the heat recovery by regenerator. When point B (T9,lim = 70 °C for R245fa) is located on the left side of point A, i.e., the reinjection temperature at point B is lower than the optimal reinjection temperature, the optimal working condition stays at point A and the optimal cycle configuration is the saturated non-regenerative cycle. When point A is located between point C and point B (T9,lim = 70 °C for isobutane), the optimal cycle configuration is the saturated regenerative cycle. The optimal working condition for this case has the same plant exergy efficiency and evaporating temperature as point A, but different reinjection temperature. When point B and point C are both located on the right side of point A (T9,lim = 75 °C, 85 °C for R245fa, isobutane), the optimal working condition must lies on the reinjcetion temperature limit line. The optimal cycle configuration is, whether the saturated or superheated regenerative cycle, depends on the plant exergy efficiency curve with constant reinjcetion temperature limit. The profiles of plant exergy efficiency versus overheating degree on the isolines of T9,lim = 75 °C, 85 °C are shown in Figure 10 . It can be seen that highest plant exergy efficiency is achieved at saturated state (point C) when T9,lim = 75 °C for either working fluid. The highest exergy efficiencies are obtained respectively at superheated states (point D shown in Figure  10 ) with ΔT1,oh = 4.65 °C for R245fa and with ΔT1,oh = 9.24 °C for isobutane when T9,lim = 85 °C. Based on the above analysis, a new optimization approach for selecting optimal subcriticial cycle configuration and obtaining optimal working condition are proposed considering the influence of reinjection temperature limit. The step-by-step optimization process is illustrated in Figure 11 . The first cycle configuration investigated is the saturated non-regenerative cycle. The only design variable is the evaporating temperature, and the optimal point A (Tev,opt, ηopt, T9,opt) can be obtained along the saturated performance line as shown in Figure 6 . Then the relationship between the optimal reinjection temperature at point A and the given reinjection temperature limit is needed to be estimated. If T9,lim is equal to or less than T9,opt, the saturated non-regenerative cycle is the optimal cycle configuration and the optimal working point is point A. If T9,lim is higher than T9,opt, the second cycle configuration, i.e., saturated regenerative cycle, is needed to be studied, and point C (Tev,lim, ηlim, T9,lim) can be obtained with given reinjection temperature limit. Then, a comparison between point C and point A is carried out. If Tev,lim is equal to or less than Tev,opt, the optimal cycle configuration is the saturated regenerative cycle, and the optimal evaporating temperature and the plant exergy efficiency are equal to those at point A, but the reinjection temperature should be calculated for the saturated regenerative cycle. If Tev,lim is higher than Tev,opt, the third cycle configuration, i.e., Based on the above analysis, a new optimization approach for selecting optimal subcriticial cycle configuration and obtaining optimal working condition are proposed considering the influence of reinjection temperature limit. The step-by-step optimization process is illustrated in Figure 11 . The first cycle configuration investigated is the saturated non-regenerative cycle. The only design variable is the evaporating temperature, and the optimal point A (T ev,opt , η opt , T 9,opt ) can be obtained along the saturated performance line as shown in Figure 6 . Then the relationship between the optimal reinjection temperature at point A and the given reinjection temperature limit is needed to be estimated. If T 9,lim is equal to or less than T 9,opt , the saturated non-regenerative cycle is the optimal cycle configuration and the optimal working point is point A. If T 9,lim is higher than T 9,opt , the second cycle configuration, i.e., saturated regenerative cycle, is needed to be studied, and point C (T ev,lim , η lim , T 9,lim ) can be obtained with given reinjection temperature limit. Then, a comparison between point C and point A is carried out. If T ev,lim is equal to or less than T ev,opt , the optimal cycle configuration is the saturated regenerative cycle, and the optimal evaporating temperature and the plant exergy efficiency are equal to those at point A, but the reinjection temperature should be calculated for the saturated regenerative cycle. If T ev,lim is higher than T ev,opt , the third cycle configuration, i.e., superheated regenerative cycle, is needed to be investigated along the given reinjection temperature isoline. Here two design variables including evaporating temperature and overheating degree are needed to be optimized to get the working point D (T ev,max , η max , ∆T 1,oh , T 9,lim ) with local maximum plant exergy efficiency along the given reinjection temperature line. Then, the relationship between η max and η lim is compared. If η max is less than η lim , the saturated regenerative cycle is the optimal cycle configuration, and point C is the optimal working point. Otherwise, the optimal cycle configuration is the superheated regenerative cycle, and point D is the optimal working condition.
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The proposed new optimization approach can be applied to complete the selection of optimal cycle configuration with up to three judgments on the reinjection temperature and the evaporating temperature, and up to two optimization calculations along the saturated line and along the given reinjection temperature line. Through this approach, most of unnecessary working conditions can be eliminated, which can significantly increase the optimization efficiency and save the optimization time.
Optimal Results
The optimal cycle configuration, the optimal plant exergy efficiency, and the relevant optimal working condition with three different reinjection temperature limits are listed in Table 5 . Abbreviations sta-non (saturated non-regenerative), sta-reg (saturated regenerative), and sup-reg (superheated regenerative) are used for convenience here. According to Table 5 , the optimal cycle configurations are saturated non-regenerative cycles with the lowest reinjection temperature limit T9,lim = 70 °C using working fluids R245fa, R1234ze(Z) and isopentane. Due to T9,opt shown in Table 4 Figure 11. New optimization process.
The optimal cycle configuration, the optimal plant exergy efficiency, and the relevant optimal working condition with three different reinjection temperature limits are listed in Table 5 . Abbreviations sta-non (saturated non-regenerative), sta-reg (saturated regenerative), and sup-reg (superheated regenerative) are used for convenience here. According to Table 5 , the optimal cycle configurations are saturated non-regenerative cycles with the lowest reinjection temperature limit T 9,lim = 70 • C using working fluids R245fa, R1234ze(Z) and isopentane. Due to T 9,opt shown in Table 4 are higher than 70 • C, the optimal evaporating temperatures and the plant exergy efficiencies are all kept unchanged using the above three working fluids. But the optimal cycle configuration using isobutane with T 9,lim = 70 • C is a saturated regenerative cycle. In spite of the optimal evaporating and the plant exergy efficiency using isobutane are kept unchanged, but the reinjection temperature is higher (with value of 71.54 • C) than the reinjection temperature limit. When the reinjection temperature limit increases to 75 • C, the optimal cycle configurations change to saturated regenerative cycles for all four working fluids. Noted that the reinjection temperature using R245fa, R1234ze(Z) and isobutane are all equal to 75 • C, but higher using isopentane. Furthmore, the optimal evpaoration temperatures with T 9,lim = 70 • C and 75 • C are the same using isopentane. With further increasing of reinjection temperature limit, the optimal cycle configurations are all superheated regenerative cycles except for the case using isopentane. With the increasing of the reinjection temperature limit, the optimal evaporating temperature increases, the mass flow rate of working fluid, the turbine efficiency and the optimal plant exergy efficiency decrease for all the working fluids. Combining with the conclusion obtained from Table 4 , isobutane always has the highest plant exergy efficiency without and with reinjection temperature limit. Compared with the optimal results in Table 5 , two other optimal results obtained with a higher brine mass flow rate m hf = 20 kg/s and a lower brine temperature T 8 = 130 • C are respectively given in Tables 6 and 7 . It can be seen that the optimal cycle configurations under different mass flow rate of geothermal brine for each reinjection temperature limit do not alter, and increasing the mass flow rate of geothermal brine has limited effect on the optimal evaporating temperature, inlet overheating temperature, reinjection temperature. The turbine efficiency has an increase of about 0.1% for isopentane working fluid to 0.3% for isobutane working fluid under m hf = 20 kg/s due to the higher SP and near equal VR, thus the plant exergy efficiency increases by about 0.15% with isopentane working fluid to 0.3% for isobutane working fluid. This conclusion about turbine efficiency and plant exergy efficiency caused by the heat source mass flow rate is consistent with that in [24] . For a geothermal brine heat source with a lower temperature T 8 = 130 • C, the optimal cycle configuration is kept as the same except for working fluid R1234ze(Z) with T 9.lim = 85 • C. Due to the lower brine temperature, the optimal evaporating temperature, the mass flow rate of working fluid, and the plant exergy all decrease. Besides, the optimal overheating degree at the inlet is much higher under T 8 = 130 • C than that under T 8 = 130 • C with T 9,lim = 85 • C, which means that a higher reinjection temperature limit yiled a higher superheated vapor at turbine inlet under a lower geothermal brine temperature with a maximum plant exergy efficiency. From the data in Tables 6 and 7 , isobutane working fluid also shows highest plant exergy efficiency than other working fluids. This means that the optimal working fluid is independent of the reinjection temperature for the studied cases (with different geothermal brine temperature and mass flow rate) in the present work. 
Conclusions
A new optimization approach was proposed to select the optimal subcritical cycle configuration with the maximum plant exergy efficiency based on the theoretical and typical case analysis among saturated/superheated, non-regenerative/regenerative cycles, especially with the consideration of the reinjection temperature limit. The following conclusions were drawn from the results of the current work:
(1) A saturated non-regenerative cycle, saturated regenerative cycle, and superheated regenerative cycle are the most possible optimal cycle configurations. The optimal cycle configuration and the relevant working condition strongly depend on the value of reinjection temperature limit. (2) When the reinjection temperature limit exhibits influence on the system performance, the optimal plant exergy efficiency normally decreases with the increasing of reinjection temperature limit. (3) In the considered cases, with the assumed contains and hypothesis, working fluid isobutane always shows a higher plant exergy efficiency than other three working fluids without and with reinjection temperature limit. 
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